The variation of the properties of the magneto-optical material on the temperature is a key problem for the optical current sensor based on magneto-optical material. In this paper, we propose a method for overcoming this problem based on the dual-wavelength configuration, which can obtain the analytical solution of both the temperature and the magnetic flux density. We perform a real-world experiment to investigate the performance of this method at different temperatures and at different magnetic flux densities, in order to verify the feasibility of this method. The experimental results demonstrate that this method can maintain good accuracy (with the relative error less than 1.2%) at a temperature above -20°C, and it has a better performance at higher magnetic flux density.
Introduction
In recent years, the optical current sensor (OCS), which is also called the optical current transducer (OCT), has attracted extensive interest due to its total electrical isolation, high accuracy, digital output signal that more compatible with modern power system, and so on [1] , [2] . Compared with other fiber optical current sensors [2] - [5] , the optical current sensor based on crystal or magnetically sensitive glasses [6] - [9] has the advantages of small size and short optical distance, which make it an effective and simple way to measure the magnetic flux density and, thus, current. However, the performance of the optical current sensor is influenced by the operating temperature [10] , [11] . Several methods were proposed to compensate the variation of the Verdet constant with the temperature [10] - [13] . In particular, Vaerewyck et al. proposed a method in which a reference sensing head has to be introduced [12] . However, the properties and the working condition of the reference sensing head have to be identical to those of the measurement sensing head, which cannot be ideal in practice. Besides, Niewczas et al. proposed a method where a temperature sensor has to be introduced to measure and thus to compensate the temperature [13] . However, the configuration of the sensing system becomes more complicated or the non-optical elements have to be introduced. In this paper, based on the characteristic that the value of Verdet constant is a function of wavelength and temperature, we propose a temperature compensation method based on the dualwavelength configuration of optical current sensor, which can obtain the analytical solutions of the temperature and the magnetic flux density. In this method, the Verdet constant correlated with temperature T at the two wavelengths are measured in advance. We perform the experiment of the magneto sensing at varies temperatures based on the dual-wavelength system, in which the central wavelengths of the two light sources are 1310 nm and 1550 nm, respectively, in order to verify the feasibility of the proposed method.
Theory of Optical Current Sensor at Single Wavelength
The magneto-optic current sensor is based on Faraday magneto-optical effect. When the linearly polarized light travels through a magneto-optical media along the direction of the magnetic field, the polarization direction of the linearly polarized light will be rotated.
When the light path is considered to be short or B is considered to be uniform along light path, the Faraday rotation angle θ can be express as [14] 
where V is the Verdet constant of the magneto-optic material, B is the magnetic flux density that along the direction of light propagation, and L is the length that light traveled through the magneto-optical material. The internal structure of the sensing head is shown in Fig. 1 [15] . The direction of the magnetic flux density that produced by the wire is parallel to the light path at the location of the magnetooptic crystal. The light polarized by the linear polarizer is injected into the magneto-optical material. Then a polarization splitting prism splits the output beam into two linear polarized beams whose polarization directions are perpendicular to each other. The polarization directions of the polarized lights that exit from the polarization splitting prism are ±45°relative to the polarizer. We introduce the parameter S as
where I ⊥ and I || are the light intensities of the two linear polarized beams that incident into the fiber. The optical current sensor is mainly applied in the measurement of the current in the straight conducting wire, as shown in Fig. 1 . Considering the Biot-Savart Law, the current I in wire can be derived from B as [16] 
where r is the distance between the wire and the sensor, and μ 0 is the permeability of vacuum. In this way, we can measure the current by acquiring the signals I ⊥ and I || .
Theory of Dual-wavelength Optical Current Sensor
For the single wavelength system, the variation of the Verdet constant with the temperature could induce obvious error. The dual-wavelength configuration is thus proposed to solve this problem. The schematic of dual-wavelength optical current sensor system is shown in Fig. 2 . The internal structure of the sensing head in Fig. 2 has shown in Fig. 1 , which contains a polarizer, a magneto-optic crystal and a polarization splitting prism. There are two light sources with the central wavelengths of λ 1 and λ 2 respectively. The two beams from the two light sources are coupled into a single fiber by the coupler, and the coupled beam travels through the sensing head. The two wavelength division demultiplexers separate the corresponding output light into two lights with the wavelengths of λ 1 and λ 2 , respectively. The two Verdet constants V λ 1 and V λ 2 at wavelengths of λ 1 and λ 2 as functions of temperature T can be expressed as
The Faraday rotation angles θ 1 and θ 2 at two wavelengths are
The parameters S 1 and S 2 can be expressed as
where I The Faraday rotation angles at two wavelengths can be expressed as
According to (7) , one can have
It can be seen that (8) contains only one unknown parameter T. Therefore, based on the measured θ 1 and θ 2 , one can deduce the temperature T, and consequently, the Verdet constant can be deduced based on the relation between V and T. When θ 1 , θ 2 and V λ 1 , V λ 2 are known, the magnetic flux density B can be express as
Finally, the current I can be deduced based on the relation between B and I according to (3).
Real World Experiment
In order to verify the feasibility of the dual-wavelength configuration for temperature compensation, the corresponding experiment is performed. The schematic of experimental setup is shown in Fig. 2 . The light sources are both SLD (General Photonics SLD-101) whose central wavelengths are 1310 nm and 1550 nm and the full width at half maximum of the two light sources are 30 nm and 40 nm respectively. The output light intensity is detected by the photodetectors (Thorlabs PDA10CS). The magneto-optical material in the sensing head is bismuth-substituted rare-earth iron garnet single crystals with the thickness of around 0.4 mm. It needs to be clarified that the thin thickness of magneto-optical crystal can avoid the effect of the nonuniformity of magnetic field and temperature in the sensing area, and thus can be beneficial to the measurement. The wavelength division demultiplexer can separate the light into two lights with the central wavelengths of 1310 nm and 1550 nm. The solenoid coil is employed to produce a magnetic field. Actually, the experimental setup is employed to simulate the current measurement for straight conducting wire with great current by generating the identical magnetic flux density of it at the position of the sensor. It can be seen from (3) that the magnetic field produced by straight conducting wire is related with the current I and the distance between the wire and the sensing head r. The range of the magnetic flux density in the center of the solenoid coil in our experiment is 0 mT-9 mT, which is equivalent to the magnetic flux density that come from the straight conducting wire whose current is 0 A-900 A when the distance between the wire and the sensing head is 2 cm. The solenoid coil and the sensing head are put into the temperature chamber, in which the temperature can vary from −20°C to 70°C. It can be seen in the (5) to (9) that the Verdet constant V and the length L are always combined together by multiplication operator, and therefore, the product of Verdet constant and length (VL) is considered to be a global parameter. In addition, the length of magneto-optic material is also influenced by the temperature, it cannot be known precisely at different temperatures, considering VL as a global parameter can avoid the measurement error of the length of magneto-optic material. We measure the values of the VL for the magneto-optic material in our experiment at different temperatures for the wavelengths of 1310 nm and 1550 nm, and the results are shown in Fig. 3 .
In this work, the quadratic polynomial is used to fit the relation between VL and the temperature T, and the fitting formulas are given by It can be seen from Fig. 3 that the Verdet constants at two wavelengths both decrease with the increase of temperature, and the Verdet constant at the wavelength of 1310 nm is larger than that at the wavelength of 1550 nm. Besides, it needs to be noticed in Fig. 3 that the variation of VL with temperature is considerable. In particular, VL could vary about 0.25% per degree centigrade for the wavelengths of 1310 nm and 1550 nm. Therefore, the temperature characteristics of Verdet constants could cause a significant impact on the measurement accuracy, which has to be compensated to achieve the accurate measurement.
According to the fitting functions given by (10) , (8) can be express as
where V 1310 and V 1550 indicate the values of Verdet constant at 1310 nm and 1550 nm, respectively. Equation (12) can be transformed to
It can be seen from (13) that we can get the analytical solution of the temperature T by solving the quadratic equation. It needs to be clarified that the performance of estimating T according to (13) is related to the correlation between V 1310 (T ) and V 1550 (T ). In particular, if V 1310 (T ) is totally proportional to V 1550 (T ), then one can not solve T according to (13) , while when the diversity between V 1310 (T ) and V 1550 (T ) is larger, the performance of estimating T according to (13) is better. The average values of measured θ 1 and θ 2 for the dual-wavelength optical current sensor system at −20°C, 25°C and 70°C are shown in Fig. 4 , and 1000 iterations of measurements were performed on each specific set of experiment to calculate the average value. It can be seen that the measured values are in accordance with the theoretical result. Then, the temperature T is calculated based on the measured values of θ 1 and θ 2 according to (13) .
For the dual-wavelength optical current sensor system in this work, the standard deviation of the measured temperature according to (13) is shown in Fig. 5 . It needs to be clarified that in our experiment, 1000 times of measurements were performed on each specific set of experiment, in order to calculate the standard deviation of the measured parameters. It can be seen in Fig. 5 that the standard deviation of temperature is lower than 8°C when the magnetic flux density is larger than 2 mT. In addition, it is noticed in Fig. 5 that the standard deviation of the measured temperature decreases as the temperature decreases. This is because the diversity between V λ 1 and V λ 2 is lower at higher temperature, and thus, the standard deviation is bigger at higher temperature, as analyzed in the last paragraph.
Besides, it can be seen in Fig. 5 that the standard deviation of the measured temperature decreases as the magnetic flux density increases, which is attributed to the increase of rotation angle, as analyzed in detail in the following. The measurement of light intensity is perturbed by the noise, and thus, (6) (14) refers to the noise, which is a random variable. For the smaller rotation angle θ, sin θ ≈ θ, and thus (8) can be transformed into
The parameter θ tr ue
does not varies with magnetic flux density, and thus it is constant at the same temperature. When the magnetic flux density increases, θ tr ue 1 increases. In this case, it can be seen in (15) that the variation of θ 1 /θ 2 could decreases due to the decrease of n(I 0 + n)/θ tr ue 1 and consequently, the variation of the measured temperature T decreases, leading to the lower standard variation of T at higher B. Besides, it can be seen from (14) and (15) the level of noise will influence the measurement accuracy of θ 1 and θ 2 , and thus, it will influence the measurement accuracy of temperature T. When the noise level is lower, the measurement accuracy of temperature T is higher, and thus, the measurement accuracy of B is higher.
The relative error (the ratio between the measurement error and the true value) of magnetic flux density is shown in Fig. 6 . As can be seen in Fig. 6 , the relative error of B decreases as the temperature increases. According to Fig. 5 and Fig. 3 , when the temperature is higher, the standard deviation of measured temperature is larger (as shown in Fig. 5 ), while the variation of Verdet constant is slower (as shown in Fig. 3 ). These two factors bring a combined effect that when the temperature is higher, the standard deviation of measured Verdet constant is lower, and thus the relative error of measured magnetic flux density is smaller. Besides, it is noticed in Fig. 6 that the relative error decreases as the magnetic flux density increases, and in particular, the relative error is lower than 1.2% when the magnetic flux density is larger than 2 mT. Therefore, the dual-wavelength optical current sensor proposed in this paper has a better performance at higher magnetic flux density. In other words, for the dual-wavelength system, the relative error is smaller when the current in the wire is higher. In particular, it can be seen from Fig. 6 that the relative error of B will be less than 0.7% when the temperature is higher than 70°C. It needs to be clarified since the adjustable range of temperature chamber is from −20°C to 70°C, the experiment at the temperature below −20°C or above 70°C is not performed. However, the tendency of relative error of magnetic flux density below −20°C and above 70°C can be predicted from Fig. 6 . Besides, it needs to be clarified that the measurement error of B originates from the random noise as well as the fitting error of the VL in Fig. 3 , and thus even though there is no noise in the measurement, the measurement error of B could not decreased to 0. For the purpose of comparison, the experiment without considering temperature compensation is also performed. In this method, only one light source with the central wavelength of 1310 nm is employed. In addition, the temperature is unknowable, and the Verdet constant is considered to be the value at 25°C no matter what the actual temperature is. The relative error for the method without considering the temperature is shown in Fig. 7 . It can be seen from Fig. 7 that the relative error is high when the actual temperature is far away from 25°C, and the main error source is attributed to error estimation of Verdet constant in this case. In particular, the relative error can reach to 14.94% at −20°C and it will decrease to 0.14% when at 25°C. Comparing the result in Fig. 7 with that in Fig. 6 , it can be seen that the relative error without temperature compensation is higher than that of the dual-wavelength OCS over a wide range of temperature. When the temperature is out of the range of 21°C-29°C, the relative error of the magnetic flux density for the dual-wavelength method is always lower than that for the single wavelength method. While at the range of 21°C-29°C, the single wavelength method could have a better performance in a limited range at relative low value of magnetic flux density. In addition to the case of 1310 nm, we also checked that for the case with the wavelength of 1550 nm, the performance is similar to that at the wavelength of 1310 nm.
The ideal situation is that the temperature is known precisely, and in this case, one can obtain the accurate value of VL according to the accurate value of temperature. In order to realize the ideal situation, we additively introduce a precise temperature sensor in the OCS system to measure the temperature, and the Verdet constant is obtained according to the measured temperature, as well as the relation between VL and T shown in Fig. 3 . As can be seen from Fig. 8 , the relative error is lower than 0.16% when the magnetic flux density is higher than 2 mT.
Comparing the result in Fig. 6 with that in Fig. 8 , it can be seen that the error can be significantly decreased if the temperature is known precisely. In other words, the error in Fig. 6 mainly comes from the inaccurate estimation of temperature by (13) and the consequent inaccurate estimation of the Verdet constant.
Conclusion
In this paper, we proposed the dual-wavelength optical current sensor configuration for temperature compensation, which can obtain the analytical solutions of both temperature and magnetic flux density. Compared with the single wavelength system, this method can reduce the measurement error over a wide range of temperatures without significantly increasing the complexity of the system and the procedure. In addition, the configuration maintains all-optical. Furthermore, for the method proposed in this paper, the results of temperature and magnetic flux density are analytical solutions, and thus, the calculation is not time consuming, which enables the measurement with high rate. It is shown by the experiment result that at the range of 2 mT-9 mT and −20°C −70°C, the relative error for the dual-wavelength system is within 1.2%, while it can reach to 14.94% for the single wavelength system without temperature compensation, and it is predictable that the relative error will less than 0.7% when the temperature is higher than 70°C.
